Femtosecond laser pulses generate in Sb coherent E g phonons at ഠ3.4 THz, in addition to oscillations of A 1g symmetry accounted for by the phenomenological displacive-excitation model. Experiments agree with theoretical calculations showing that the coherent driving force in absorbing materials like Sb is determined by Raman processes, as in transparent media. The Raman formalism provides a unifying approach for describing light-induced motion of atoms of both impulsive and displacive character. [S0031-9007(96)01455-X] PACS numbers: 78.47.+p, 63.20.Kr, Following recent advances in femtosecond laser technology, several groups demonstrated that the propagation of light pulses in solids is accompanied by intense lattice vibrations showing a high degree of spatial and temporal coherence [1] [2] [3] [4] [5] [6] [7] [8] [9] . The availability of coherent phonons at THz frequencies has led to a variety of suggestions for applications and experiments involving, in particular, time-domain spectroscopy of phonons using pumpprobe methods [1] [2] [3] [4] [5] [6] [7] [8] [9] , conversion of mechanical into coherent electromagnetic energy [7] , and intriguing proposals relying on photon control of the ionic motion [10, 11] . While coherent vibrations have been produced in insulators, semiconductors, and metals using, basically, the same technique [1] [2] [3] [4] [5] [6] [7] [8] [9] , the experiments reveal fundamental, but poorly understood differences between transparent and opaque materials [1, 4] . This Letter presents a unifying mechanism for phonon generation that explains the differences.
Following recent advances in femtosecond laser technology, several groups demonstrated that the propagation of light pulses in solids is accompanied by intense lattice vibrations showing a high degree of spatial and temporal coherence [1] [2] [3] [4] [5] [6] [7] [8] [9] . The availability of coherent phonons at THz frequencies has led to a variety of suggestions for applications and experiments involving, in particular, time-domain spectroscopy of phonons using pumpprobe methods [1] [2] [3] [4] [5] [6] [7] [8] [9] , conversion of mechanical into coherent electromagnetic energy [7] , and intriguing proposals relying on photon control of the ionic motion [10, 11] . While coherent vibrations have been produced in insulators, semiconductors, and metals using, basically, the same technique [1] [2] [3] [4] [5] [6] [7] [8] [9] , the experiments reveal fundamental, but poorly understood differences between transparent and opaque materials [1, 4] . This Letter presents a unifying mechanism for phonon generation that explains the differences.
Phenomenologically, the lattice motion is described by
where Q is a classical phonon field of frequency V, and F is the driving force [1] . In transparent media, it has been known for a long time that vibrational coherences rely on coherent (stimulated) Raman scattering (CRS) for which F P uy ͑x R uy E u E y ͒͞2. Here, E u denotes a component of the optical pump field, x R uy ഠ ≠x ͑1͒ uy ͞≠Q is the nonlinear Raman, and x ͑1͒ uy is the linear susceptibility [12] . When the pulse width t 0 is small compared with V 21 , F acts as an impulsive force giving Q~sin͑Vt͒. For absorbing substances, a unique process has so far not been identified [1] . The experimental evidence indicates that Raman selection rules are strictly obeyed (see, e.g., [3, 5, 7, 13] ). However, the oscillation phase varies from material to material, and relative intensities gained from time-domain measurements and spontaneous Raman scattering (RS) do not appear to correlate [4] . One of the leading proposals for explaining opaque systems is the mechanism known as displacive excitation of coherent phonons (DECP). The DECP model, accounting, in particular, for results on semimetals [4] , provides a simple explanation for driving fully symmetric modes, seemingly unrelated to Raman scattering [4, 14] . In the DECP picture, the equilibrium positions of the ions experience a sudden shift due to coupling with photoexcited carriers created by the optical pulse. Hence, F is steplike and, thus, Q~͓1 2 cos͑Vt͔͒. As discussed below, our approach renders the DECP model [4, 14] as a particular case of resonant CRS in that the driving force generally contains both impulsive and displacive components. To test these ideas, we have performed pump-probe and conventional RS experiments reexamining the case of antimony [4] . We chose Sb as representative of a class of materials which have been reported to follow DECP, but not Raman predictions [4] . Unlike previous studies [4] , we find that pulses drive not only one (fully-symmetric), but the two Raman-allowed modes, and that there is a strong correlation between time-domain and RS intensities. We also observe that the phase of the oscillation is intermediate between that of purely displacive and impulsive dynamics.
Measurements were performed on single crystals of antimony at room temperature using cleaved surfaces perpendicular to the trigonal axis. Sb is a group Vb semimetal crystallizing in the A7 structure with the point group 3m and two atoms per unit cell. The three phonon branches give the Raman-active A 1g (totally symmetric) and E g (doubly degenerate) modes at the center of the Brillouin zone. The corresponding Raman tensors are given in Table I . Time-domain data were obtained using a standard pump-probe setup in the reflection geometry. As a source, we used a mode-locked Ti-sapphire laser providing 80 fs pulses centered at 815.0 nm at a repetition rate of 85 MHz and 15 mW of average power focused to a 70-mm-diameter spot. RS measurements were recorded in the backscattering configuration using 30 mW of a cw Ti:sapphire laser also tuned to 815.0 nm, or an Ar laser operating at 514.5 nm.
A summary of our time-domain results is shown in Fig. 1 . In these traces, the relative reflected intensity of 0031-9007͞96͞77(17)͞3661(4)$10.00 the probe beam, DR͞R, is plotted as a function of the time delay between the pump and probe pulses. Standard CRS selection rules, easily derived from Table I, dictate that the A 1g spectrum should not depend on u, whereas the intensity of the E g mode should behave as cos͑2u͒; u is the angle between the polarizations of the two beams. Our measurements are in excellent agreement with these predictions. As illustrated in Fig. 1(a) , the u dependence of the modes allowed us to single out the E g contribution which could not be resolved in previous work using ഠ2 eV photons [4] . In Fig. 1(b) , we show fits to exp͑2Gt͒ sin͑Vt 1 f͒ indicating that the dynamics of the modes are neither displacive ͑f 6p͞2͒ nor impulsive ͑f 0͒. This should be contrasted with the results for the A 1g mode at ഠ2 eV showing purely displacive behavior [4] . A comparison between time-FIG. 1. Reflection geometry data. In (a), the angle between the polarizations of the two beams is u p͞4 for the A 1g trace. E g results were obtained from the difference between measurements at u p͞2 and at u 0. Fits to exp͑2Gt͒ sin͑Vt 1 f͒ are shown in (b), after removal of the background. Parameters are V 4.5 THz, G 21 3.7 ps, and f 2113 ± 6 11 ± for the A 1g phonon and V 3.4 THz, G 21 1.8 ps, and f 247 ± 6 8 ± for the E g mode. Dashed curves are exp͑2Gt͒ cos͑Vt͒ corresponding to the displacive limit. domain and RS spectra is shown in Fig. 2 . Notice that the ratio between the Fourier transform (FT) amplitudes of the two modes is very close to the RS intensity ratio, as expected for transparent substances [1] . As discussed later, this correlation supports our claim that Raman scattering is the underlying mechanism for the driving force in absorbing media. Within this context, it is important to mention that visible-range RS in Sb is dominated by the E 0 2 resonance centered at 2.15 eV and that the ratio between A 1g and E g intensities, i.e., ja͞ej 2 , is nearly constant across 1.7-2.7 eV (see Table I and the inset of Fig. 2 ). This indicates that two-band terms are the leading RS process [15] . From the RS data at 815.0 nm (1.52 eV), we have ja͞ej 2.2 6 0.5, while, at 514.5 nm (2.41 eV), ja͞ej 2.4 6 0.6, in reasonable agreement with [15] . Since these ratios are the same within experimental errors, we conclude that two-band processes dominate at 815.0 nm as well.
The simplest Hamiltonian of interest to our problem is FT amplitude corresponding to the traces in Fig. 1(a) obtained with pulses centered at 815 nm. The inset of (a) shows the dependence of the RS cross section on the laser energy (from [15] ). index b. Q q is the amplitude of the phonon of wave vector q and frequency V q , and P q is the associated canonical momentum. J bb 0 kk 0 are matrix elements of the electron-phonon interaction and V is the volume. The time-dependent term describes the coupling of the system to the radiation field of the pump which we treat as classical. From the equation of motion for Q q , we obtain the identity
leading to (1) after the replacement Q V 21͞2 P q ͗Q q ͘ exp͑iq ? r͒. The two-band DECP model of [14] assumes that the electronic density matrix is diagonal, i.e., that the photoinduced charge density r͑r͒ is a constant and, thus, that (3) vanishes for all wave vectors but q 0. However, (3) can be obtained directly using perturbation theory. We show below that the electronic expectation value contains diagonal as well as off-diagonal contributions and that it is the off-diagonal terms, rather than the diagonal ones, which are responsible for the coherent oscillations. A straightforward second-order calculation gives
where
A u are the components of the vector potential and P u ͑k͒ P j ͑ê u ? p j ͒ exp͑2ik ? r j ͒; r j and p j are, respectively, the electron position and momentum, andê u are unit vectors perpendicular to k. If we ignore the weak q dependence of R uy and set V͑q͒ ഠ V, the driving force in (1) can be written as
where cos͑a u ͒ E u ͞E 0 and E 0 is the amplitude of the field. Since E 0 decays with a penetration depth given by c͑͞kv 0 ͒, it is clear that F couples to a continuum of modes in the range dq ϳ 2kv 0 ͞c about the phase matching q 6Vnŝ͞c (n 1 ik is the refractive index andŝ is a unit vector in the direction of propagation of the light). This contradicts the DECP prediction [14] , based on the assumption that the density matrix is diagonal, that photoexcitation drives only the q 0 mode [16] . Let v 0 be the central frequency of the optical pulse. The behavior of Q is determined primarily by the frequency components of F in the vicinity of V and, therefore, by the properties of R uy at v 1 2 v 2 ഠ 6V and v 1 ഠ v 2 ഠ 6v 0 (as opposed to v 1 ഠ 2v 2 6 v 0 giving frequencies ϳ2v 0 that are too high to effectively drive the oscillator). Since x R uy~Ruy ͑v, v 2 V, q͒, this establishes the link between F and the Raman susceptibility. For transparent media, we can safely replace in (6) R uy by its (real) value at v 1 v 2 v 0 with the result that, for pulses of width t 0 ø V 21 , Fj E 0 ͑r, t͒j 2 is impulsive [1] . In absorbing substances, however, dispersive effects cannot be ignored. Consider first the term of (5) containing two resonant denominators and, in particular, two-band contributions for which the relevant matrix elements are J bb 0 kk 0 with b ϵ b 0 [17] . As mentioned earlier, these processes dominate at the Sb E 0 2 resonance [15] . Integrating (6) over v 1 and v 2 , and expressing the field as f͑r, t͒ exp͓2iv 0 t 1 ͑in 2 k͒k 0ŝ ? r͔ 1 c.c., where f is the envelope, we find that states for which jv n 2 v 0 j ¿ t 21 0 provide an impulsive contribution of the form
whereas frequencies satisfying jv n 2 v 0 j ø t 21 0 exhibit displacive character. In particular for t ¿ t 0 , F approaches the exact limiting value
where E 0 ͑r, v n ͒ is the Fourier transform of E 0 ͑r, t͒. These expressions simply reflect the fact that phonons couple to virtual charge-density fluctuations for jv n 2 v 0 j ¿ t 21 0 , but to real ones in the opposite limit [we notice from (3) that F~r͑r͒ if the coefficients J bb kk 0 are approximated by constants, one for each band]. In the former case, the optical pulse gives an impulsive force because the fluctuations lifetime is ϳjv n 2 v 0 j 21 . On the other hand, and as in the DECP model [4, 14] , real transitions lead to shifts in the equilibrium positions of the ions (the lifetime of the fluctuation is that of the Raman coherence) [18] . In the common situation where the width of the Raman resonance d R is large compared with t 21 0 , it can be shown after summation over v n that the driving force is purely displacive for jv R 2 v 0 j ø d R gradually becoming impulsivelike at jv R 2 v 0 j ¿ d R where v R is the frequency of the resonance maximum (in Sb, d R ഠ 0.3 eV and v R ഠ 2.15 eV; see inset of Fig. 2 ). It is important to stress the fact that (8) applies to Raman-active phonons of arbitrary symmetry, in contrast to the DECP model which concerns itself exclusively with fully symmetric modes [4] . We also note that, in most circumstances, three-band processes [17] and the remaining terms in (5) having at most one resonant denominator provide additional contributions to (7) but not to (8) , i.e., only resonant two-band terms contribute to F D . This explains why displacive behavior is seen in certain materials like Sb, but not in others.
Comparisons between RS and time-domain measurements of the relative intensity, and between our values for the coherent oscillator parameters and those reported in [4] strongly support the Raman interpretation. In [4] , j͑v R 2 v 0 ͒͞d R j ഠ 0.5. Thus, the result that the nature of the A 1g excitation is strictly displacive reflects simply the proximity of v 0 to the resonant maximum. The intermediate behavior found in our experiments is consistent with j͑v R 2 v 0 ͒͞d R j ഠ 2.0. Since in the two-band case ≠x ͑1͒ ͞≠Q~≠x ͑1͒ ͞≠v where the proportionality constant is either a or e [15] , our model carries the predictions that DR should be proportional to the RS cross section (depicted in the inset of Fig. 2) and that, at a given v 0 , the relative intensities gained from RS and time-domain data should be the same. The FT spectrum in Fig. 2 gives ja͞ej 3.0 6 0.2 in good agreement with RS measurements. In addition, for a constant pump beam intensity, we calculate that DR at v 0 2 eV should be a factor of ϳ15 larger than at v 0 1.5 eV. This value compares favorably with the factor of ϳ7 obtained from our experiments and results reported in [4] .
